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ABSTRACT 
 
FUNCTIONAL ANALYSIS OF RECEPTOR-LIKE KINASES IN POLLEN-
PISTIL INTERACTIONS IN ARABIDOPSIS THALIANA 
 
September 2009 
 
MINI AGGARWAL, B.S., PANJAB UNIVERSITY INDIA 
 
M.S., PANJAB UNIVERSITY INDIA 
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Alice Y. Cheung 
 
Rac/Rop GTPases are molecular switches in plants that control the growth of 
polarized cells such as pollen tubes and root hairs, differentiation, development, actin 
dynamics, production of reactive oxygen species (ROS) and disease resistance. These 
small GTPases are activated by guanine nucleotide exchange factors (GEFs) that replace 
GDP for GTP and are referred to as RopGEFs in plants. To identify upstream 
components of the RopGEF regulated signaling pathways, GEF1 from Arabidopsis 
thaliana was used as a bait to screen a seedling cDNA library in a yeast two-hybrid 
system. This yielded members of a small family of the Catharanthus roseus Receptor-
like kinase (CrRLK), referred to as the Feronia-like Receptor-like kinase (FlRLK) family 
as the potential GEF interactors. A synergid cell-expressed member of this family, 
FERONIA/SIRENE (RLK-10), regulates pollen tube reception by the female gametophyte 
and along with the other two plasma-membrane bound receptors of this family, 
THESEUS (RLK-3) and HERCULES (RLK-4) promote cell elongation in Arabidopsis.  
I have chosen two of these FlRLKs for my studies: RLK-5, the most abundant 
pollen expressed member of the family and RLK10. My studies with RLK-5 suggest that 
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it plays a significant role in pollination or fertilization since homozygous rlk-5 was never 
recovered from selfed heterozygous rlk-5 mutant. In addition to this, the reciprocal 
crosses with RLK-5/rlk-5 and wild type resulted in severe male transmission defect 
indicating that the rlk-5 mutation induces male sterility. This observation was found 
consistent with the pollen-specific expression pattern of RLK-5 suggested by microarray 
data and confirmed by histochemical GUS staining analysis of the RLK5p-GUS 
transgenic Arabidopsis. The RLK-5/rlk-5 pollen displayed no pollen-viability defects and 
the pollen tube growth in-vivo appears normal. Despite the unaffected pollen viability and 
apparent normal in-vivo pollen tube growth, the RLK-5/rlk-5 plants formed low seed set 
suggesting compromised fertilization.  Additional analysis will be required to determine 
the basis of male deficiency and reduced seed sets in RLK5/rlk5 mutants.  
Loss of function mutations of RLK-10 (FERONIA/SIRENE) gene show failure in 
pollen tube growth arrest upon penetration of the female gametophyte, supernumerary 
pollen tube penetration of the ovule and reduced female fertility. Our studies with RLK-
10 suggest that it is important for mediating a proper oxido-reductive condition within the 
ovule necessary for pollen tube rupture and fertilization of the female gametophyte. The 
multiple pollen tube entry phenotype of the Arabidopsis knockout mutant, rlk-10 
correlated with decreased ROS level and de-esterified pectin in the filiform apparatus 
lining the synergid cell of its female gametophyte. These results establish an important 
signaling link between RLK-10 and ROS and pectin in a GEF-Rac/Rop regulated 
pathway in pollen tube-ovule interaction.  
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CHAPTER 1 
INTRODUCTION 
1.1 G Proteins: Rac/Rop GTPases 
 G proteins are key components in many eukaryotic signaling pathways. They act 
as molecular signaling switches by shuttling between an inactive GDP-bound form and 
an active GTP-bound form. In the GTP-bound form the GTPase interacts with target 
proteins to affect cellular changes, until GTP hydrolysis returns the protein to the 
inactive, GDP-bound state. This basic molecular engine has been perfected throughout 
evolution and eukaryotes possess enormous numbers of G proteins with distinct 
specificities and modes of regulation.  
There are two main types of G proteins, the heterotrimeric G proteins and the 
monomeric small GTPases. The heterotrimeric G proteins are composed of three 
subunits, α, β, and γ and transduce the signals received by membrane-bound G protein 
coupled receptors (GPCRs) to downstream effectors. The binding of the ligand to the 
GPCRs results in conformational changes that stimulate the exchange of GDP for GTP, 
thereby activating the G protein. This activation causes the dissociation of the 
heterotrimeric complex into an α subunit and a βγ complex that subsequently activate 
downstream effectors (Jones and Assmann, 2004). In mammalian systems, ~30% of all 
the signaling pathways are regulated by heterotrimeric G-proteins. In humans, there are 
twenty-three α, six β and twelve γ types of subunits, the combinations of which enable 
functional specificity. 
In plants, however, heterotrimeric G protein subunits seem to exist in very small 
numbers implying limited combinations of possible signal transduction pathways based 
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on this class of G proteins. In Arabidopsis thaliana, only one α, one β and two γ subunits 
of heterotrimeric G proteins have been identified. Moreover, knockout mutants for the α 
and β subunits in Arabidopsis have very mild phenotypes, suggesting that the role of G 
proteins is not as vital as in animals (Assmann, 2002).  
The monomeric small GTPases belong to the Ras superfamily that can be further 
divided into five families: Ras, Rho, Rab, Ran and Arf (Bischoff et al., 1999; Takai et al., 
2001) based on their structure, sequence and functions. Members of the Rab and Arf 
families are involved in vesicle trafficking, while Ran proteins regulate transport of large 
molecules through the nuclear pores. Ras and Rho are involved in transmitting 
extracellular signals that regulate a wide number of processes in the cell. The Rho family 
is further subdivided into three major classes; Rho, Rac and Cdc42, that play important 
roles in cytoskeleton organization and dynamics, membrane trafficking, transcriptional 
regulation, cell growth control and development (VanAelst and DsouzaSchorey, 1997). 
Besides transducing signals to several downstream effectors diversifying the signaling 
pathways, Rho GTPases are also important signal convergence points and thus central in 
the integration and regulation of multiple signaling pathways in eukaryotes. The 
Arabidopsis genome encodes 93 Ras related small GTPases, which regulate cellular 
processes ranging from vesicle trafficking to hormone signaling (Vernoud et al., 2003). 
In plants, small GTPases are closely related to the Rac subfamily of Rho proteins 
found in the eukaryotes and thus are referred to as Racs or Rops (Rho of plants) (Zheng 
and Yang, 2000; Nibau et al., 2006). The balance between the active GTP-bound form 
and the inactive GDP-bound form of Racs in the cell is maintained by the activity of 
several regulatory molecules. The activity of membrane-bound guanine nucleotide 
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exchange factors (GEFs), upon stimulation by an upstream signal, catalyses the exchange 
of GDP for GTP, and thus activates the Rac/Rop protein (Figure 1.1). In this active form, 
Rac/Rops interact with downstream effectors transducing the signal. Signaling is 
terminated by the activity of the GTPase-activating protein (GAP) that stimulates GTP 
hydrolysis, rendering the protein inactive. The guanine nucleotide dissociation inhibitor 
(GDI) is also a negative regulator of Rac/Rop, which acts by inhibiting the exchange of 
GDP for GTP and by sequestering the Rac/Rop protein in the cytoplasm, preventing its 
translocation to the membrane where it can be activated by GEFs. 
There are eleven Rac/Rop genes in Arabidopsis thaliana namely Arac 1-11 
sharing more than 70% amino acid identity with each other (Winge et al., 2000). In this 
thesis, to avoid the perplexing nomenclature used for Racs as Rops and vice versa, and to 
avoid complicated assignment of different numbers between the various designations of 
Racs and Rops in the literature, we will address them as Racs in a general sense but use 
their original nomenclature when referring to the primary literature.  
In a study with Aracs, a new family of plant specific GEFs was identified using 
the dominant negative (DN) form of Rop 4 (Arac5) as a bait in yeast two-hybrid assays 
(Berken et al., 2005). These proteins were designated RopGEFs and comprise a family of 
fourteen members in Arabidopsis. The catalytic domain with GEF activity is novel and 
specific for plant Racs and was designated PRONE (plant-specific Rop nucleotide 
exchanger) domain (Berken et al., 2005). The RopGEF1, in-vitro, seems to be active 
towards multiple Racs. Functional specificity might be achieved by differential 
expression and other members of the RopGEF family might show some degree of 
specificity. Recently,  
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these fourteen RopGEFs have been shown to respond to abiotic stresses in Arabidopsis 
(Shin et al., 2009). In one of the in-vivo studies, pollen specific RopGEF12 in 
Arabidopsis is shown to interact with an Arabidopsis pollen receptor kinase (AtPRK2a) 
through its C-terminus in pollen tubes (Zhang and McCormick, 2007). 
The Rac GTPase regulated pathways, involving an intricate signaling interaction 
between the upstream regulators (GEFs and putative surface receptors, such as the 
Receptor-like Kinases i.e. RLKs) and downstream effectors, affect cellular and 
biochemical systems that regulate a large number of processes. Examples of Rac-
regulated processes and phenomena include pollen and root hair tip growth (Fu et al., 
2001, 2002; Molendijk et al., 2001; Li et al., 1998, 1999), leaf cell morphogenesis, root 
hair development (Jones et al., 2002), and cellulose synthesis (Nakanomyo et al., 2002). 
They are also implicated in reactive oxygen species (ROS) (Kawasaki et al., 1999; 
Figure 1.1: Illustration showing Rac/Rop GTPase signaling pathway in plants.  
(Adapted from Nibau et al., 2006). 
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Moeder et al., 2005), H2O2 production (Baxter-Burrell et al., 2002; Kawasaki et al., 
1999), hormone responses (Lemichez et al., 2001; Tao et al., 2002; Zheng et al., 2002), 
disease resistance (Ono et al., 2001), proteolysis and gene expression (Nibau et al., 2006). 
Racs are important regulators of tip growth in pollen tubes and root hairs through the 
establishment of a tip-focused calcium gradient and the organization of dynamic tip actin 
(Li, 1999; Molendijk, 2001; Jones, 2002; Fu, 2001; Fu, 2002; Chen, 2003), a process 
maintained and regulated by the coordinated action of ion gradients and fluxes, the 
dynamics of the actin cytoskeleton and membrane trafficking to the growing tip (Cheung 
and Wu, 2008).  
Based on certain premises, it is believed that Racs might be activated by the 
membrane-bound receptor-like kinases (RLKs). One line of evidence is that all Racs 
contain putative serine/threonine phosphorylation sites that might be targets for RLKs 
(Zheng and Yang, 2000). In addition, Racs have been found to associate with RLKs in-
vivo (Wengier, 2003; Trotochaud, 1999). A subset of these membrane-bound plant RLKs 
are believed to be part of the Rac GTPase signaling pathways that mediates interactions 
between pollen and pistil, thereby facilitating reproduction. The present study is focused 
on characterizing these potential upstream regulators i.e. the RLKs expressed in pollen 
and pistil in the Rac GTPase signaling pathway and subsequently determining their 
relationship with the downstream effectors.  
1.2 Plant Receptor-like Kinases (RLKs):  
        Plant RLKs fall into a broad family known as the RLK/Pelle family (Afzal et 
al., 2008). Two thirds of the RLK family members are transmembrane receptor kinases 
that are structurally similar to the family of receptor tyrosine kinases (RTKs) in animals. 
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RTKs mediate many signaling events at the cell surface (van der Geer, 1994; Robertson, 
2000) and structurally, this class is represented by the presence of a ligand-binding 
extracellular domain, a single membrane-spanning domain, and a cytoplasmic tyrosine 
kinase domain. RLKs, like RTKs, receive signals through an extracellular domain and 
subsequently activate signaling cascades via their intracellular kinase domain. The RLK-
encoding gene family was first found in Zea mays (Walker and Zhang, 1990). In 
Arabidopsis, more than 300 RLKs have been reported (McCarthy and Chory, 2000; 
Arabidopsis genome Initiative, 2000). Plant RLKs differ from animal RTKs in their 
serine-threonine kinase specificity. In addition, the extracellular domains of RLKs are 
distinct from most ligand-binding domains of RTKs identified so far (van der Geer, 1994; 
Robertson, 2000). Members of the plant receptor kinase family share highly conserved 
catalytic kinase domains that have been predicted or shown to phosphorylate serine and 
threonine residues, although some receptor kinases have also been found to 
phosphorylate tyrosine residues (Chang et al., 1992; Goring and Rothstein, 1992; Mu et 
al., 1994; Shiu and Bleecker, 2001). The extracellular domains of the predicted plant 
RLKs are quite divergent (Shiu and Bleecker 2001a, 2001b, 2003) and have been 
grouped into 15 sub-families: CRINKLY4-like, C-type lectin like, CrRLK1-like, DUF-26 
like, extensin like, legume (L)-lectin-like, LRR10-like, LRR-like, LysM-like, PERK-like, 
RKF3-like, S-domain-like, thaumatin-like, URK1-like, and WAK-like (Haffani et al., 
2004). This divergence in extracellular domains is likely to be responsible for these 
proteins to interact with a wide range of external cues. Our current understanding of 
functional aspects of members of RLK gene family is however, quite limited and in the 
cases studied, their roles have been implicated in diverse signaling pathways such as 
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brassinosteroid hormone signaling via BRI1 (Li & Chory, 1997), meristem development 
controlled by CLV1 (Clark et al., 1997), perception of flagellin by FLS2 in plant 
resistance mechanisms (Gomez & Boller, 2000), control of leaf development by Crinkly4 
(Becraft et al., 1996), regulation of abscission by HAESA (Jinn et al., 2000), self-
incompatibility controlled by the Brassica SRKs (Stein et al.,1991), and bacterial 
resistance mediated by Xa21 (Song et al., 1995).  
A current research interest in our laboratory is focused on the RLKs belonging to 
the 17-membered RLK sub-family CrRLK1-L first found in Catharanthus roseus 
(Schulze-Muth, 1996). Our laboratory identified these RLKs as potential GEF upstream 
regulators around three years ago on the basis of yeast-two-hybrid interactions between 
these RLKs with GEFs for Rac GTPase signaling pathways (D. Kita, Q. Duan et al., 
manuscript in prep.). One of these members was subsequently found to be identical to the 
FERONIA/SIRENE RLK, we therefore renamed them as Feronia like Receptor-like 
kinases, FlRLKs. Figure 1.2 depicts an unrooted tree of FlRLK family with its 17 
members each assigned a specific number according to our laboratory designation. The 
members in this family have distinct tissue expressions and in most cases have 
overlapping expression patterns according to the microarray data available at the T-DNA 
express online (http://signal.salk.edu/cgi-bin/tdnaexpress). We found four highly pollen-
expressed members: RLK-5 (At4g39110), RLK-12 (At5g28680), RLK-6 (At2g21480), 
and RLK-13 (At3g04690) in FlRLK family. As part of this research study, we 
characterized these pollen-expressed members of the family, in particular RLK-5 
(At4g39110), encircled in Figure 1.2. 
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In the interim, in a study unrelated to Rac/Rop signaling, one of these RLKs, 
called FERONIA/SIRENE (FER/SIR) or RLK-10 (At3g51550) has been found to play an 
important role in pollen tube entrance to the ovules in A. thaliana. FER/SIR mutants are 
severely female compromised and show supernumerary pollen tube visitation to the 
ovules, but fail in fertilization (Escobar-Restrepo, 2007; Rotman et al 2008).  Functions 
of three other plasma membrane bound receptors belonging to this sub-family- 
THESEUS1 (RLK-3), HERCULES1 (RLK-4) and AmRLK have recently been reported. 
THESEUS1 is activated in mutants deficient for cellulose and may act as a cell wall 
Figure 1.2: Unrooted tree showing 17 RLK members of FlRLK family generated by 
neighbor-joining method. (Modified from Restrepo et al, 2007). RLK-5 and 
RLK-10, candidate genes in this research study are encircled. 
RLK-5RLK-6
RLK-13
RLK-12
RLK-7
RLK-1
RLK-2
RLK-4
RLK-3
RLK-8
RLK-11
RLK-9
RLK-14
RLK-15
RLK-10 
At5g39030
At5g39020
RLK-16
RLK-17
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integrity sensor inhibiting cell elongation. AmRLK is involved in the control of polar 
conical out growth of epidermal cells of Antirrhinum petals (Hematy and Hofte, 2008). In 
a recent study, the three RLKs- FERONIA, THESEUS and HERCULES1 are found to be 
transcriptionally induced by Brassinosteroids (BR) that promote cell elongation and plant 
growth in Arabidopsis (Guo, 2009). In our lab, FER/SIR/RLK-10 is shown to regulate 
root and root hair development such that the fer/sir/rlk-10 mutant shows severe root hair 
growth inhibition (Q. Duan et al., manuscript in prep.). 
Pollen-pistil interaction in angiosperms is an extremely interesting and important 
phenomenon. Signaling between the male pollen tube and the synergid cells of the female 
gametophyte is required for fertilization. How the plant controls only one pollen tube 
penetration of the ovule is largely unknown. Loss of function mutations in 
FER/SIR/RLK-10 causes defects in pollen tube reception such that the penetrated pollen 
tube fail to rupture and supernumerary pollen tube penetration occurs, resulting in a pile 
up of pollen tubes inside the female gametophyte. How the FER/SIR/RLK-10 functions 
in pollen tube reception process remains a mystery. The current research is focused on 
unraveling some of the downstream components of FER/SIR/RLK-10 in the Rac GTPase-
regulated pathway affecting the pollen tube-ovule interactions in Arabidopsis.  
1.3 ROS/H2O2  
 Reactive oxygen species (ROS) form important components of many cellular 
pathways in eukaryotes. In higher plants, ROS can be generated by several alternative 
pathways (Allan and Fluhr, 1997), which includes the membrane-bound NADPH 
oxidases as one of the sources of ROS production. High levels of ROS during extended 
periods of time lead to oxidative stress that is important for pathogen defense and for 
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triggering programmed cell death. Lower and transient levels of ROS are important as 
second messengers in developmental and hormonal pathways (Neill et al., 2002). In 
recent years ROS, in particular hydrogen peroxide (H2O2), have emerged as important 
second messengers in developmental processes and in hormone signaling pathways. ROS 
are important regulators of cell growth in Arabidopsis (Foreman et al., 2003) and of 
secondary cell wall formation in cotton fibers (Potikha et al., 1999). Depending on the 
concentration, H2O2 induces cell protective responses, programmed cell death or necrosis 
(Potikha et al., 1999), plays important roles in root gravitropism (Joo et al., 2001), root 
responses to nutrient deprivation (Shin and Schachtman, 2004) and acts as an important 
second messenger in hormone signaling pathways (Joo et al., 2001; Meinhard and Grill, 
2001; Mustilli et al., 2002; Kwak et al., 2003; Overmyer et al., 2003). Because Racs are 
important regulators of some of the described processes, it is possible that at least part of 
the effect of Racs in these signaling pathways is due to their regulation of ROS 
production by membrane-bound NADPH oxidases (Torres et al., 1998; Potikha et al., 
1999; Park et al., 2000; Ono et al., 2001; Foreman et al., 2003; Kwak et al., 2003; Morel 
et al., 2004). 
 Recent findings have revealed that there is a high level production of ROS in the 
pollen and stigma of different angiosperms respectively and they may play key roles in 
pollen-pistil interaction in diverse signaling networks (Hiscock, 2007). Our laboratory 
demonstrated that the mutations in RLK-10 result in reduction of ROS in the mutant root 
hairs (Q. Duan et al manuscript in prep). This suggested that ROS generation might be 
pivotal to the RLK-10 in synergids as well. The present study entails investigation of 
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ROS production in RLK-10 ovules and examines their relationship in pollen tube-ovule 
interaction. 
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CHAPTER 2 
                  
  MATERIALS AND METHODS 
2.1 Plant material 
Arabidopsis thaliana var. Columbia seeds were surface sterilized by the 
application of 70% ethanol (2x) followed by wash in 70% bleach solution supplemented 
with 2 drops of detergent for 10 minutes and plated on basal plant medium (Gamborg B5 
salts and vitamins, 2 mM MES, 0.5 mM myo-inositol, 1% sucrose, pH 5.6-5.7, 0.7% 
agar) and kept at 4°C for 2 days before transfer to growth chambers set at 22°C under 16 
hours light/8 hours dark regime. 7-10 day-old seedlings were transferred to soil (BX 
ProMix, Griffin Greenhouse Supplies, Tewksbury, MA) for growth to maturity in the 
growth chamber at 22°C under 16/8 hours light/dark cycles. 
Transgenic T-DNA lines carrying promoter GUS construct were created in the A. 
thaliana, ecotype Columbia by Agrobacterium floral dip transformation (Clough and 
Bent, 1998). Progeny seeds were selected on plant basal medium (described before) 
containing 50µg/ml of kanamycin. For the T-DNA insertion lines obtained from the 
GABI-KAT collection, the seeds were selected on the plant basal medium containing 
5.25µg/ml of the herbicide sulphadiazine. The kanamycin and sulphadiazine resistant 
seedlings for the GUS lines and GABI-KAT lines respectively were transferred to soil 
and incubated in the growth chamber at 22°C under 16/8 hours light/dark cycles.  
The T-DNA insertion lines from the SAIL collection were allowed to germinate 
on plant basal medium and grew for 7-10 days. The 7-10 days-old seedlings were then 
transferred to soil, incubated in the growth chamber at 22°C under 16/8 hours light/dark 
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cycles. After 3-4 days, before the true leaves come out, the young plants were sprayed 
with 100µg/ml BASTA herbicide thrice at 2-day intervals. The plants that survived 
BASTA selection were confirmed for the presence of T-DNA construct by PCR. 
 
2.2 DNA extraction and PCR analysis 
DNA was isolated from wild type and mutant leaves (approximately 1cm2 size) 
using DNA extraction buffer (200mM Tris-HCl pH 8, 250mM NaCl, 25mM EDTA pH 8, 
0.5 % SDS), precipitated in iso-propanol and washed in 70% ethanol, dried and 
subsequently resuspended in TE (10mM Tris-HCl pH-7.5, 1mM EDTA pH-8.0). 1µl of 
extracted DNA was used for the PCR reaction (30 cycles) to confirm the T-DNA 
insertion and the zygosity of the insert. The PCR product was run on a 1% agarose gel in 
TAE (40mM Tris Base, 20mM Glacial Acetic acid, and 0.5M EDTA, pH 8.0). Gels were 
run at 100V for 45-60 minutes approximately, stained in 0.033% ethidium bromide bath 
for 15 minutes and viewed under UV trans-illumination and captured with the Kodak 
EDAS 290 system.   
 
2.3 GUS analysis  
GUS assay was performed (Jefferson et al., 1987) on the isolated flower samples 
and dissected siliques of the transgenic plants as follows:  
2.3.1. Flowers: Flowers from wild type and RK5p-GUS, Arac7p-GUS and 
Arac10p-GUS plants were incubated in GUS staining buffer (0.25 mg/ml X-gluc in 0.1 M 
phosphate buffer, 0.5 mM K3[Fe(CN6)], 0.5 mM K4[Fe(CN6)] and 10 mM Na-EDTA), 
for 2-24 hours at 37°C. Before incubating at 37°C, the flower tissues were vacuum 
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infiltrated in the GUS staining buffer for 15-30 minutes to provide better substrate 
accessibility to the tissue samples. After incubation, the samples were fixed in FAA (50% 
ethanol, 10% glacial acetic acid, 5% formaldehyde) for 1-2 hours. The flower tissues 
were then cleared in 70% ethanol for 6-10 hours and mounted in 5% glycerol for 
microscopic imaging.  
2.3.2. Embryos (Stangeland and Salehian, 2002): Siliques in different 
developmental stages, from top to bottom of an inflorescence of Arac7p-GUS and 
Arac10p-GUS were chosen, stuck to a double sided tape on a slide and cut open with the 
help of needles and a pair of tweezers. The fertilized ovules were gently and carefully 
isolated from the cut siliques and soaked in GUS staining buffer (0.5 mg/ml X-gluc in 0.1 
M phosphate buffer, 0.5 mM K3[Fe(CN6)], 0.5 mM K4[Fe(CN6)] and 10 mM Na-EDTA 
X-gluc buffer with 0.5% Triton), vacuum infiltrated for 30-45 minutes, incubated at 37°C 
for 2-24 hours. Siliques were incubated in ethanol-acetic acid (1:1) for 4-6 hours, and 
then cleared in Hoyer’s medium (Liu and Meinke, 1998) for 2-5 days. The Hoyer’s media 
was prepared by adding 100g of chloral hydrate dissolved in 30 ml of water and stored at 
room temperature. The cleared embryos were then imaged under the Nikon E800 
microscope.  
 
2.4 Stages of flowers  
Five Arabidopsis plants growing under similar environmental conditions of light 
and temperature were selected and a bud from each one of them was tagged for tracing its 
developmental stages (Smyth et al., 1990). The developmental patterns like opening of 
buds, visibility of white petals, position of pistil with respect to anthers, shedding of 
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petals/anthers were accounted for in terms of duration/stage under our laboratory growth 
conditions (22°C and 16/8 hours light/dark cycle) as the reproductive development 
progressed from a bud to a mature flower and then a silique. These stages were used as a 
reference for all the experiments that required analysis of flowers/ovules at different 
developmental stages.  
2.5 Hand-pollination or Crosses 
Numerous hand-pollinations/crosses were employed for various purposes. The list 
below summarizes each of them.  
2.5.1. Reciprocal crosses:  RLK-5/rlk-5 pistils were emasculated 18-24 hours before 
they were hand-pollinated with saturating amount of wild type pollen and vice 
versa for the reciprocal cross. Siliques were allowed to develop for 
approximately 3 weeks. The progeny from the cross was then germinated on 
plates containing plant basal medium and allowed to grow into seedlings for 
15 days. The inheritance of T-DNA locus in these out-crossed progeny was 
scored via PCR genotyping.  
2.5.2. Limited pollination: The pollen grains from wild type or mutant anthers were 
shed within a circle drawn with a marker on a slide. Under the dissecting 
microscope, the pollen grains were counted to 50 or 100 within that circle and 
any additional pollen grains were eliminated. The slide was then used as a 
vehicle for pollen transfer by bringing the circled portion bearing counted 
pollen in contact with the stigma of the emasculated (18-24 hours before 
pollination) pistil. Pollen grains that did not stick to the stigma were seen left 
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on the slide under the microscope and were transferred individually via 
needle.   
2.5.3. Self-cross: RLK-5/rlk-5 pistils were emasculated 18-24 hours before they 
were hand-pollinated with limited number (50 or 100 pollen) of RLK-5/rlk-5 
pollen. As a control, wild type pistils were hand-pollinated with 50 or 100 
wild type pollen.  
2.6 In-vivo pollen tube growth analysis 
For Aniline blue staining, naturally pollinated flowers at stages 12, 13, 15 and 16 
for RLK-5/rlk-5 and wild type plants were removed from the stem and immersed in FAA 
(50% Ethanol, 10% Glacial acetic acid, 5% Formaldehyde) for 12-24 hours, transferred 
to 1M sodium hydroxide and incubated for 12-24 hours. The samples were then stained 
with Aniline blue that binds specifically to β-1,3-glucan (callose) (Eschrich, 1956), the 
major pollen tube cell wall component, for 4-6 hours before mounting them on a slide 
and viewing them under the fluorescence microscope. For the hand-pollinated, selfed 
crosses for RLK-5/rlk-5 and wild type using limited number of pollen, the same 
procedure of in-vivo analysis was followed.  
2.7 Seed set analysis 
Siliques from the primary inflorescences of wild type and RLK-5/rlk-5 plants 
were selected from top to bottom and incubated in 70% ethanol for 24-48 hours. The 
ethanol-bleached siliques were then viewed under the dissecting microscope and digitally 
recorded. In addition, siliques were cut open with needle/tweezers by sticking them on a 
double-sided tape and the number of fertilized ovules were counted and imaged under the 
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dissecting microscope. The statistical significance of RLK-5/rlk-5 seed set against wild 
type was determined by calculating the p-value using ANOVA single factor.  
 
2.8 H2O2 /Ascorbic Acid/OH. radical bursting  
Wild type flowers at stage11 were emasculated 18-24 hours before their pistils 
were used as recipients for the semi in-vivo pollen germination assay. The emasculated 
pistils were hand-pollinated with pollen grains from wild type anthers and then cut at the 
stylar portion. The pollen tubes were allowed to grow inside the cut pistils placed on the 
pollen germination medium, PGM (Boavida and McCormick, 2007) in small petriplates 
for 4 hours at 22ºC. Each petriplate had 5-10 cut pistils heavily pollinated with wild type 
pollen. After 4 hours, the petriplates were treated with 800µl of varying concentrations of 
H2O2, ascorbic acid or OH. radical prepared using the Fenton reaction (10µM, H2O2, 
10µM ascorbic acid, 10µM CuCl2) (Monshausen et al., 2007). Liquid PGM of equal 
volume was added to one of them as control. After treatments, the petriplates were further 
incubated for 4 hours at 22ºC. Pollen tube bursting/ballooning for each set up was 
counted after the 4 hour treatment. Images of the semi in-vivo grown pollen tubes were 
recorded at 2X magnification before and after the treatment using a Nikon SMZ800 
dissecting microscope.   
 
2.9 Pectin staining of ovules  
Wild type and rk-10/rk-10 pistils from the flowers at stages 12, 13, 15 and 16 
were chosen for the experimental analysis of pectin localization in the ovules. The pistils 
were dissected on a double sided tape stuck to a slide and ovules were carefully isolated 
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with needles and/or tweezers and stained in 70µl of 0.05% ruthenium red stain placed on 
a new slide. The reaction was stopped by adding double distilled water after 3 minutes 
from one edge of the cover-slip and excess stain was wiped off from the other end with 
the help of Kim-wipes. The ovules were imaged at 40X magnification under Nikon E800 
microscope. The numbers of ovules with and without staining in the wild type and mutant 
samples were counted. Three independent experiments for each stage were performed 
with 9 pistils of wild type and mutant each in an experiment.  
2.9.1. Paraffin sectioning: Paraffin sections of ovules were prepared to examine 
the precise localization of pectin inside the ovules. Wild type and rk-10/rk-10 pistils at 
stage 15 were selected and fixed in FAA (50ml 95% ethanol, 5ml glacial acetic acid, 
10ml 37% formaldehyde in 35ml water) for 18-24 hours, transferred to 70% ethanol. The 
samples were then dehydrated through a series of 95% ethanol and water in the ratio of 
3:7, 2:3, 1:1 and then introduced to 100% ethanol, water and tertiary butyl alcohol (tBA) 
in the ratio of 4:5:1, 5:3:2, 10:3:7, 8:1:11, 0:1:3 and 0:0:1 each for 45-60 minutes. A 
pinch of safranin stain was added at the last step to make the samples visible as it goes 
through the infiltration process. Lastly, the tissue samples were introduced from pure tBA 
to 1:1 ratio of tBA and paraffin wax. The tissue samples were then left overnight in vials 
at 60-65°C for paraffin infiltration. Next day, the vials were uncapped and tBA was 
allowed to evaporate for 8-10 hours. Then fresh paraffin wax was added to the vials and 
left for overnight infiltration. Next day, the samples in the paraffin were poured into a 
mould, readjusted by a flamed needle (cooled to 60°C) and allowed to solidify. The 
paraffin-embedded tissue samples were then cut with a blade to get small wax cubes or 
cuboids with the longitudinal side of the sample kept parallel to the length of the 
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cubes/cuboids. These cut wax moulds were then slightly warmed at their rear ends using 
flamed scalpel and were fused onto the wooden blocks. The blocks were then adjusted on 
the microtome set and 6-8µm sections were cut from them. Tissue sections on the wax 
ribbon were cut into smaller lengths with the blade and were immersed in warm degassed 
water on slides warmed at 42°C placed on a slide warmer. Excess water was dried off by 
leaving slides on the slide warmer or in the incubator at 37°C. The sections were then 
deparaffinized by clearing in solvents like Hemo-De or xylene (2x) and later in 100% 
ethanol for 10-60 minutes each. Usually longer time (60 minutes) for clearing was given 
to de-stain the safranin stain in order to avoid the red color interference of safranin stain 
with the later used ruthenium red stain for pectin localization. The slides were then 
rehydrated through an ethanol series (2x) of 95%, 80%, 60%, and 30% for 10 minutes 
each. The rehydrated sections were lastly rinsed in double distilled water for 20-30 
minutes at room temperature. These sections were then stained with 0.05% ruthenium 
red. The reaction was stopped by adding double distilled water after 1.5 minutes from one 
edge of the cover-slip and excess stain was wiped out from the other end. Sections were 
mounted in 5% glycerol and observed under 40X magnification via E800 Nikon 
microscope.  
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CHAPTER 3 
 
CHARACTERIZAION AND MUTANT ANALYSIS OF POLLEN-EXPRESSED 
RECEPTOR-LIKE KINASES 
 
3.1 Introduction 
 
The Feronia-like Receptor-like kinase (FlRLK) family has seventeen members as 
shown in the unrooted tree (Chapter 1, Figure 1.2). According to the microarray data 
available from T-DNA express online (http://signal.salk.edu/cgi-bin/tdnaexpress), four of 
these seventeen members, At4g39110 (RLK-5), At5g28680 (RLK-12), At2g21480 (RLK-
6), and At3g04690 (RLK-13) are highly expressed in pollen. As depicted in the unrooted 
tree (Figure 1.2), RLK-12 and RLK-13 belong to the same clade. Also, RLK-5 and RLK-6 
belong to the same clade, which is distinct from the RLK-12 and RLK-13 clade. At the 
nucleotide level, RLK-5 and RLK-6 are 83% identical whereas RLK-12 and RLK-13 are 
81% identical. At the protein level, RLK-5 and RLK-6, and RLK-12 and RLK-13 are 
85% identical.  
To analyze these pollen expressed RLKs, we started out with characterizing 
SALK lines from Arabidopsis Biological Resource Center (ABRC) for RLK-12, -13, -5 
and -6. The T-DNA knockout mutant (SALK_133057) of RLK-12 showed very mild 
pollen tube morphology defects in comparison with wild type in-vitro. The mutant plant 
did not have any visible morphological abnormalities in terms of inflorescence 
development, plant height and seed set. The T-DNA knockout mutants (SALK_043360 
and SALK_016179) of RLK-13, however, showed lower seed set despite negligible 
pollen germination or pollen tube growth defects (Andre Mai, BS Honors Thesis, 2009). 
Since RLK-12 and RLK-13 are highly homologous in their gene sequence, we directed 
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our efforts towards creating a double knockout mutant devoid of both the genes 
(Appendix B).  
The T-DNA insertional mutants (SAIL_33_06 and SAIL_448_D02) from SAIL 
collection of RLK-5 and RLK-6 genes bearing the marker for BASTA resistance obtained 
from ABRC were tested for the resistance. However, none of the putative mutant plants 
survived indicating no T-DNA insertion for RLK-5 and RLK-6. 
3.2 rlk-5 mutation has male transmission defect 
The T-DNA insertion line (SALK_033062 or T-242, Figure 3.2.1) from the 
SALK collection of RLK-5 gene was also obtained from ABRC. Genomic DNA analysis 
of the SALK line for RLK-5 did not yield any plant homozygous for the T-DNA insert; 
out of the original 68 seeds obtained from ABRC, 39 plants were heterozygous for the T-
DNA insertion and the rest were wild type (WT). This T-DNA insertion lies in the 
carboxy-terminal domain of the RLK-5 gene,1829 bp away from the 5’ end of the 2.6 kb 
gene as depicted in the T-DNA insertion map of RLK-5 (Figure 3.2.1), approximately 269 
amino acids away from the C-terminus of the RLK-5 protein. The heterozygous 
RLK5/rlk5 plants were selfed and their progeny was analyzed. Numerous DNA 
extractions and PCR analyses using the LB1 primer for the T-DNA and 3’ gene specific 
primer HW972 to determine the presence of T-DNA construct [Figure 3.2.2(a)]; and gene 
specific primers HW972 at the 3’ end and HW973 at the 5’ end [Figure 3.2.2(b)] to 
determine the zygosity of the selfed progeny were performed. These analyses provided 
F1 ratio of  +/+ : +/- : -/-  = 1 : 1 : 0. This result suggests that RLK-5 is compromised 
either on the male or female side.  
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Due to 83% sequence similarity between RLK-5 and RLK-6, there is no unique 
region for design of primers specific to RLK-5. Due to this similarity it was plausible that 
the genomic fragment observed in the PCR analysis might have come from the wild type 
RLK-6 region, masking the possibility that there were actually homozygous rlk-5 mutants 
among the analyzed plants. To resolve this predicament, we looked into the restriction 
map for both the genes and found XhoI and BglII as the unique restriction sites for RLK-5  
 
and RLK-6 respectively. Digestion of the RLK-5 PCR product with XhoI enabled 
us to see three bands [Figure 3.2.2(c)], one from the incomplete digestion of genomic 
RLK-5 DNA and/or the RLK-6 genomic DNA (band size-1.2kb) and the other two bands 
(sizes-800bp and 500bp) from the cut RLK-5, indicating that it is heterozygous. If RLK-5 
were homozygous, we would have seen only one band coming from the RLK-6 and not 
Figure 3.2.1: T-DNA insertion map for RLK-5 showing T-242 and T-243 as the 
SALK_033062 and SAIL_33_C06 T-DNA inserts. The numbers 
18225113- 18222477, 18223131-18223283, 18224037-18224227 represent 
5’ and 3’ position co-ordinates of the RLK-5 gene in base pairs, T-DNA 
insertion coordinates of the SALK and SAIL line in the RLK-5 gene 
respectively. HW971, 972 and HW973 are the primers. Arrows indicate 
the orientation w.r.t 5’ and 3’ ends. 
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the other two bands. Therefore, this validated our previous result of RLK-5/rlk-5 selfed 
segregation ratio and confirmed true heterozygosity of RLK-5 for the analyzed RLK-
5/rlk-5 progeny plants.   
In order to determine whether the male or the female reproductive unit of RLK-
5/rlk-5 contributes to the compromised Mendelian ratio in selfed progeny, reciprocal 
crosses between RLK-5/rlk-5 and WT plants were carried out on pistils emasculated prior  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c 
    wt     wt 
a b 
Figure 3.2.2 Agarose gels to determine RLK-5 (T-242) zygosity. (a) Bands (size 800bp 
approximately) showing presence of T-DNA construct in RLK-5 (T-242) 
mutant screening using LB1 and gene-specific primer HW972, WT genomic 
DNA is used as control; (b) RLK-5/rlk-5 mutant lines are heterozygous 
(band on the gel) for the T-DNA construct using gene-specific primers 
HW972 and HW973, WT as control (band size-1.2kb); (c) RLK-5/rlk-5 PCR 
product (using gene specific primers) digested with restriction enzyme-XhoI 
shows three bands of sizes 1.2kb, 800bp and 500bp. M denotes 1kb DNA 
ladder. Numbers 1,2,3…denote progeny lines. 
1 2 3 4 5 6 7 8 9 10 11 
3 7 8 9 10 4 M M M 3 7 8 9 4 
a 
     wt M 
1 2 3 4 5 6 
    + 
Figure 3.2.3 Agarose gels to score reciprocal cross progeny. The gels show presence 
or absence of T-DNA construct via PCR genotyping of the cross from (a) 
RLK-5/rlk-5 as male donor and WT as female recipient. Ratio of WT:RLK-
5/rlk-5::1:0, Primers Used: LB1 and HW972, WT as control and + (WT 
primed with gene specific primers, HW972 and HW973) used as positive 
control and (b) WT as the male donor and RLK-5/rlk-5 as the female 
recipient. The ratio of WT:RLK-5/rlk-5::1.4:1, Primers Used: LB1+HW972. 
M denotes 1kb DNA ladder. Numbers 1,2,3…denote progeny lines. 
b 
M 
1 2 4 6 8 10 15 16 23 21 
    wt M 
3 5 7 9 
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to anthesis by saturating the amount of pollen. The progeny scored via PCR 
genotyping revealed male as the deficiency. The WT:RLK-5/rlk-5 progeny yielded ratio 
of 1:0 (Table 3.2.1) when RLK-5/rlk-5 was used a male donor, while the ratio turned out 
to be 1:1 (Table 3.2.2) when RLK-5/rlk-5 was used as the female recipient. Figure 
3.2.3(a) and Figure 3.2.3(b) depict the agarose gels showing the PCR genotyping of the 
progeny from the reciprocal crosses.   
WT (female) X  
RLK5/rlk-5 (male)  
No. of Seeds in 
progeny 
 
Ratio of WT : RLK-5/rlk-5 
 
          1 
 
      7 
 
        7:0 
 
          2 
 
    14 
 
       14:0 
 
         3 
 
      7 
 
        7:0 
 
         4 
 
      6 
 
        6:0 
 
         5 
 
     14 
 
       14:0 
 
RLK5/rlk5 (female) X  
WT (male) 
No. of seeds in progeny  
 
WT : RLK5/rlk5 
 
               1 
 
             24 
 
     1.4 : 1 
 
               2 
 
             30 
 
        1 : 1 
 
Table 3.2.1: PCR genotyping results of progeny obtained from the 
reciprocal cross between wild type as female and RLK-5/rlk-5 as the male. 
 
Table 3.2.2: PCR genotyping results of progeny obtained from the 
reciprocal cross between RLK-5/rlk-5 as the female wild type as male. 
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Despite the apparent male deficiency, we attempted to increase the probability for 
rlk-5 pollen to fertilize rlk-5 ovule by hand-pollinating RLK-5/rlk-5 with limited self 
pollen (n=100). The idea being that there would still be vacant ovules after all the 
available wild type pollen tubes had penetrated and may be fertilized by the very late 
arriving rlk-5 pollen tubes. However, no homozygote rlk-5/rlk-5 was recovered (Table 
3.2.3) as shown in the agarose gel [(Figure 3.2.4 (a)and (b)] to determine the zygosity for 
the RLK-5/rlk-5 selfed progeny.  
Table 3.2.3: PCR genotyping results of progeny obtained from the self-cross 
between RLK-5/rlk-5 as the female and male using the limited number of pollen 
(n=100). 
 
 
 
 
 
 
 
 
RLK5/rlk5 (female) X 
RLK5/rlk5(male) 
 
No. of Seeds in progeny  
 
           +/+ : +/- : -/- 
 
          1 
 
              14 
 
                  1:1:0 
 
          2 
 
              13 
 
                  1:1.6:0 
 
          3 
 
              13 
 
                  1:1.2:0 
 
Figure 3.2.4 Agarose gels to score self-cross progeny from limited pollination  
(n=100) of RLK-5/rlk-5. The gels show PCR genotyping using a) LB1 
and HW972 primers to detect TDNA construct (band size-800bp); b) 
HW972 and HW973 gene specific primers to determine the zygosity 
(band size-1.2kb). WT used as control in both the gels. No 
homozygous rlk-5 recovered. M denotes 1kb DNA ladder. Numbers 
1,2,3…denote progeny lines. 
    wt     wt 
   b      a 
1 2 3 
M M 
4 6 7 8 10 11 6 7 8 10 11 4 12 2 12 
  26 
3.3 RLK5pGUS is localized in pollen  
The expression pattern of RLK-5 was determined by using transcriptional fusion 
genes between the promoter of RLK-5 and the GUS reporter gene (β-glucuronidase). 
GUS histochemical staining analysis of transgenic plants was accounted for in the 
reproductive developmental stages of flower parts. The X-gluc staining on flower stages 
13, 14 and 15 for the RLK5p-GUS transgenic plant revealed pollen localization or 
expression of the RLK-5 gene since pollen from these stages turned blue confirming the 
microarray data for gene expression (Figure 3.3).  
3.4 RLK-5/rlk-5 anthers yield viable pollen 
We examined if viability or germination efficiency of rlk-5 pollen was the 
underlying factor for the segregation ratio realized in the self-crosses for RLK-5/rlk-5. To 
achieve the viability ratio of pollen from the RLK-5/rlk-5 flowers, Alexander’s stain 
Figure 3.3: GUS histochemical staining on wild type (wt) as control and 
RLK5p-GUS flowers. At  a) stage 13, b) stage 14 and c) stage 
15, Scale Bar=1mm; d) Higher magnification view of RLK-5p-
GUS anthers/pollen from the stage 13 flower bracketed in (a), 
Scale Bar=200µm.  
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(Alexander, 1969) was employed. Alexander’s stain turns viable pollen pink whereas the 
non-viable ones remain black or colorless. 98.88% pollen from the RLK-5/rlk-5 flowers 
and 99.35% pollen from the wild type that was used as control turned pink [Figure 3.4 (a) 
and (b)]. This result indicates that RLK-5/rlk-5 bore normal, viable pollen.  
 
3.5 rlk-5 mutation does not affect pollen tube penetrance 
In order to examine the behavior of pollen tubes in-vivo in a naturally pollinated 
selfed flower, the path of pollen tube inside the pistil and the female gametophyte was 
traced using aniline blue stain that binds specifically to β-1,3-glucan (callose), the 
predominant polymers in pollen tube wall (Eschrich, 1956). The in-vivo analysis, 
however, indicated no significant difference in pollen tube penetrance of RLK-5/rlk-5 
flowers [Figure 3.5.1(a) and (c)] as compared to the wild type flowers [Figure 3.5.1(d) 
and (b)].  
Figure 3.4: Pollen viability test of pollen from wild type (WT) and RLK5/rlk5 
anthers using Alexander’s stain. It turns viable pollen pink. Arrow 
indicates the colorless non-viable pollen. 
  28 
Assuming that in a naturally self-pollinated RLK-5/rlk-5 flower, the wildtype 
pollen out-competes the mutant pollen in fertilizing the heterozygous ovules, we 
speculated that limited number of pollen would enable fair chance for rlk-5 pollen tubes 
to gain access to vacant ovules after all the wild type pollen tubes have penetrated. To 
regulate the number of pollen that would fertilize the RLK-5/rlk-5 ovules, self-pollination 
with limited number of pollen (n=50) was performed and then analyzed in-vivo using the 
same method as described before. Again, however, the limited pollination analysis in-
vivo in RLK-5/rlk-5 did not differ much in pollen tube penetrance inside the ovule as 
compared to the wild type (Figure 3.5.2).  
Figure 3.5.1: In-vivo pollen tube growth analyses. RLK-5/rlk-5 (a), (c) and 
wild-type (d), (b) pistils and the magnified view of ovules receiving 
pollen tubes respectively using aniline blue stain under fluorescence 
microscope. 
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Figure 3.5.2: In-vivo pollen tube growth analyses from limited pollination. Wild 
type (a) (b), and RLK-5/rlk-5 (d) (c) pistils and the magnified view of 
ovules receiving pollen tubes respectively using aniline blue stain under 
fluorescence microscope. 
 
3.6 RLK-5/rlk-5 plants form lower seed set  
To determine the seed set for the RLK-5/rlk-5 plants, ethanol-bleached siliques of 
different ages were viewed under the dissecting microscope and wildtype siliques were  
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Plant 
Total No. of 
primary 
inflorescences 
Total 
No. of 
Siliques 
Average 
Silique 
Length 
Average 
Seed Set 
Relative 
seed set % 
(w.r.t. WT) 
P-value 
WT            5 45 1.25 45.16     100 
RLK-5/rlk-5            8 42 1.08 34.07      75.4 
   
  0.0079 
Figure 3.6: Ethanol bleached siliques and siliques cut open from primary 
inflorescences. Wild type (a), (c) and RLK-5/rlk-5 (b), (d) 
respectively. (Scale bar=1mm) 
Table 3.6: Seed set and silique length data analysis for wild type and RLK-5/rlk-5   
                  plants. 
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used as a control. In addition, siliques were cut open and the numbers of ovules fertilized 
were counted. The average seed set in RLK-5/rlk-5 silique turned out to be 25% lower 
than the wild type seed set (Figure 3.6; Table 3.6).  However, there were no drastic 
differences seen in the silique lengths between the RLK-5/rlk-5 and the wild type siliques 
(Figure 3.6, Table 3.6). On an average, the silique lengths of RLK-5/rlk-5 siliques were 
about 14% shorter than the wild type ones.   
3.7 Discussion 
RLK-5/rlk-5 did not show any severe morphological defects in terms of plant 
height, inflorescence and rosette development compared to the wild type grown under 
similar conditions (Figure 3.7).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Comparative morphologies of primary inflorescences from  
RLK-5/rlk-5 and WT plants. 
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An impaired gametic transmission is inferred when the ratio of the expected 
progeny from selfed pollination deviates significantly from the expected 1:2:1 Mendelian 
segregation ratio (Howden et al., 1998). Our failed attempts to recover homozygous rlk-
5/rlk-5 and the repeated deviation from the Mendelian segregation ratio for the self-
crossed RLK-5/rlk-5 progeny suggested compromised germ unit with the rlk-5 mutation.  
Gametophytic mutations affect the haploid life cycle and in effect show 
segregation distortion with altered transmission ratios either through male, female, or 
both thus rendering difficulty in obtaining homozygotes but may exist as heterozygotes 
(Brousseau and McCormick, 2004). The ratios obtained with the reciprocal crosses 
between RLK-5/rlk-5 and the wild type further validated the RLK-5/rlk-5 male 
transmission defect thereby implying that the rlk-5 mutation induces male sterility. 
Moreover, the limited number of RLK-5/rlk-5 pollen grains used in the self-crosses to 
raise the probability of mutant rlk-5 pollen to fertilize the mutant rlk-5 ovule resulted in 
ratios similar to what was obtained with the saturated RLK-5/rlk-5 pollen and did not 
yield any homozygous rlk-5/rlk-5 implying a smaller chance of survival for the mutant 
male gametophyte.  
The GUS analysis with RLK-5 promoter confirmed the gene expression in the 
pollen. However, pollen viability tests with the RLK-5/rlk-5 pollen did not indicate 
significant pollen sterility. In a study to explore Rop2 function in maize, the RopGTPase 
mutant exhibited perturbed transmission through the male but did not show any apparent 
defect in pollen tube growth (Arthur et al., 2003). The in-vivo pollen tube germination 
analyses of RLK-5/rlk-5 with saturated and limited number of self-pollen did not display 
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any defect in the pollen tube germination and penetrance inside the ovule. However, the 
lower seed set count for the RLK-5/rlk-5 siliques suggest compromised fertilization.  
In a genetic and molecular screen to characterize the male-gametophyte-specific 
mutations of Ds insertion lines, five groups of affected developmental processes were 
recognized and these mutants were classified in the categories ranging from defects in 
early stages of male gametogenesis to later defects pertaining to pollen germination, 
pollen tube growth, polarity or guidance and pollen tube-embryo sac interactions or 
fertilization (Boavida et al, 2009). 
The RLK-5 mutation needs further study on the molecular and genetic level. One 
approach to analyze this gene would be to create transgenics for RLK-5 by either 
employing the antisense or the RNAi technique aiming for a knockdown or a null mutant. 
In another genetic approach, RLK-5/rlk-5 in a quartet (Preuss et al., 1994) mutant 
background obtained after crossing with a quartet male might provide discrete 
information on the mutant pollen behavior (Johnson-Brousseau and McCormick, 2004). 
Also, GFP-tagged with RLK-5 gene under Lat52 promoter or its native promoter can 
further help in dissecting the RLK-5 protein localization and eventually detection of 
pollen tube behavior in in-vivo analysis.  
The analyses of all the pollen-expressed RLK mutants in the FlRLK family, 
individually have not as yet yielded any coherent information regarding the pollen 
development, pollen tube germination and growth and therefore, need greater 
exploration. The high sequence homology between the two sets of genes and their mild 
phenotypes indicates redundancy in their functions. Double or triple knockout mutants in 
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this respect can provide insight into how these genes may affect pollen development, 
pollen tube functions and/or the seed set of the plant.  
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CHAPTER 4 
 
SYNERGID-EXPRESSED RECEPTOR LIKE KINASE 
FERONIA/SIRENE/RLK-10 MEDIATES ROS- AND PECTIN-GATED POLLEN 
TUBE-OVULE INTERACTIONS 
 
4.1 Introduction  
FERONIA/SIRENE, At3g51550 (RLK-10 or FER/SIR), the first characterized 
gene in the family of Feronia-like Receptor like kinases (FlRLK) is highly expressed in 
synergids. The FER/SIR encodes a plasma membrane-localized receptor-like kinase and 
the protein accumulates asymmetrically in the synergid membrane at the filiform 
apparatus. In the heterozygous fer/sir mutant, all female gametophytes develop normally 
but half of the ovules remain unfertilized. In these ovules, the pollen tube continues to 
grow inside the female gametophyte, fails to arrest its growth, and does not rupture to 
release the sperm cells. In addition to this, the fer/sir mutant ovules show supernumerary 
pollen tube penetration (Escobar-Restrepo, et al. 2007). In a recent study with 
Brassinosteroid (BR) signaling, the RNAi knockdown mutants of FER along with the 
knockout mutants of the two related family members, HERK1 (RLK-4) and THE1 (RLK-
3) were found to reduce cell elongation, affecting vegetative growth in a BR-regulated 
pathway (Guo et al., 2009). 
In our laboratory, the GABI-KAT line (GK-106A06) for the RLK-10 T-DNA 
knockout mutant showed severe root hair growth arrest, collapsed trichomes or trichomes 
with more than four branches, smaller sized rosette, dwarfed adult inflorescence and late 
flowering (Q. Duan et al., manuscript in prep) apart from the reported compromised 
pollen tube-ovule interaction. Yeast two-hybrid screening for GEF-interacting proteins 
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identified members of FlRLK family as potential upstream regulator for GEFs (D. Kita, 
Q. Duan et al., manuscript in prep). RLK-10 was selected for further study because of a 
pronounced root hair phenotype. It was later determined that the rlk-10 mutant also has 
the severe reproductive phenotype as in fir/sir mutants. This led us to direct our efforts in 
examining the downstream effectors of RLK-10 in the Rac GTPase-regulated pathway in 
the female gametophyte. Our laboratory demonstrated the presence of reactive oxygen 
species (ROS) in the RLK-10 root hairs such that the rlk-10 root hair growth was 
severely inhibited and showed lower ROS production (Q. Duan et al manuscript in prep). 
This indicated the regulatory role of ROS in root hair development and established the 
relationship of RLK-10 with the ROS as one of the putative downstream components in 
the RLK-10 signaling pathway.  
One of the first effectors of Rac GTPases to be identified in mammalian systems 
was the NADPH oxidase. NADPH oxidase is a multi-protein complex that produces high 
levels of reactive oxygen species (ROS). Rac is part of the NADPH oxidase complex and 
is essential for its activation (Werner, 2004). In plants, NADPH oxidase homologues 
were designated as Rboh (reactive-burst oxidase homologue). ROS produced by NADPH 
oxidase/Rboh regulate plant cell growth. RHD-2 (root hair defective-2) encodes a subunit 
of NADPH oxidase and its mutation causes reduced root hair tip-localized ROS and root 
hair burst (Foreman, et al, 2003). Recently, it has been found that root hairs of 
constitutive active (CA) form of Rop2/Arac4 show more ROS compared to the dominant 
negative (DN) form of Rop2/Arac4 indicating that NADPH oxidase-dependent reactive 
oxygen species formation required for root hair growth depends on Rop GTPase (Jones et 
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al., 2007). Rac GTPase has also been shown to bind to the N-terminal extension of 
NADPH oxidase in rice and stimulate its enzyme activity (Wong et al, 2007).  
Plant Rac proteins are known to be involved in the developmental process of 
secondary wall formation (Nakanomyo, 2002). In cotton, GhRac13 found to be expressed 
specifically during the deposition of the secondary wall in cotton fiber formation (Delmer 
et al., 1995; Potikha et al., 1999). Further study reported the initiation of secondary wall 
formation accompanied with the increased level of H2O2 (Potikha et al., 1999). Stigma 
peroxidases are believed to utilize H2O2 in peroxidation reactions for the cross linking of 
pectins and extensins in the cell wall thus affirming that plant cells need H2O2 as a 
substrate in several cell wall-located reactions (Barcelo, 1998). These observations 
suggest that specific Racs regulate ROS production and in turn trigger the process of 
secondary cell wall formation. In our laboratory, the yeast two hybrid screening revealed 
GEF1 interaction with one of the pectin methylesterases (PMEs), a family of enzymes 
that de-methylesterify plant cell wall pectins and are involved in cell wall modifications 
(D. Kita, manuscript in prep). Pectins are secreted as methyl-esters and subsequently de-
esterified by wall-associated PMEs in a process that exposes acidic residues. These acidic 
residues or carboxyl groups can be cross-linked by calcium, which structurally rigidifies 
the cell wall (Bosch et al., 2005). Pectins form a gel matrix in the cell wall and their 
properties depend on the degree of cross-linking due to which, the pectins are thought to 
play an important role in the control of the porosity of the wall (Bouton et al., 2002).  
In the present study, we investigated the presence of pectins as a secondary cell 
wall component in the synergids of RLK-10 ovules based on the speculation that after 
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fertilization, pectins might be responsible in the ovule cell wall stiffening and thus 
prevent multiple pollen tubes to enter the ovules.  
4.2 Stages of flowers 
The experimentations with RLK-10 required working with different 
developmental stages of Arabidopsis flowers according to the laboratory growth 
conditions. This necessitated the documentation and recognition of how the floral organs 
were positioned as the flower progressed from one stage to another. Five unopened buds 
from five different flowers at stage 10 (Smyth et al., 1990) were tagged and their 
development was closely followed. After 14-17 hours, the bud initially tagged as at stage 
10 [Figure 4.2.1(a)] started to show white petals at the apex, marking the beginning of 
stage 11 [Figure 4.2.1(b)]. The transition from stage 11 to stage 12 and then to stage 13 
was rather a rapid succession and took only 2-3 hours. At stage 12 [Figure 4.2.1(c)], the 
white petals could be distinctly seen. At stage 13 [Figure 4.2.1(d)], the bud opened to 
reveal stigma- and anther-heads at the same level. About 17 hours after stage 13 had 
begun, the anthers exceeded the height of the stigma and the flower graduated to stage 14 
[Figure 4.2.1(e)], which was quite short-lived. Within 3 hours of the start of stage 14, the 
stigma slightly exceeded the height of the anthers and the flower reached stage 15 [Figure 
4.2.1(f)]. It took approximately 3-7 hours more for the pistil to distinctly supersede the 
stamens and progress to stage 16 [Figure 4.2.1(f)]. Within a further 14-18 hours after 
stage 16, the pistil gained maturity and elongated in height with respect to the stamens 
and white petals began to shed marking the beginning of stage 17 [Figure 4.2.1(g)]. A 
further 24 hours later, the white petals were completely shed and the pistil began to get 
transformed into silique (stage 18). The natural time-log (Figure 4.2.2) of flower 
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development of this nature was helpful in choosing the right stage for our experiments 
enabling us to derive appropriate conclusions. Based on the duration of each floral step, 
we chose stage 12, 13, 15 and 16 in our experiments. 
4.3 RLK-10 mediates ROS-gated pollen tube reception 
 Staging of Arabidopsis flowers provided the information gateway to determine the 
downstream effectors of RLK-10. The ovules from both wild type and rlk-10/rlk-10 
pistils were isolated from flowers at stages 12, 13, 15 and 16. The ovules were treated 
with the dichlorodihydrofluorecein diacetate (DCFH2-DA) fluorescent probe to detect the 
localization and intensity of ROS production. The ROS signal was observed in the 
Figure 4.2.1: Different stages of flower development in Arabidopsis, Columbia  
ecotype. a) stage 10, b) stage 11, c) stage 12, d) stage 13, e) stage 14, f) 
stage 15, g) stage 16, h) stage 17 and i) stage 18 (silique). The images in 
inset are at higher magnification and show position of pistil with 
respect to the stamens. Scale Bar=1mm. 
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filiform apparatus of the synergid cell wall, the area of FER accumulation (Figure 4.3.1). 
At stage 12, where the pistils were yet unpollinated, the wildtype and rlk-10/rlk-10 
showed 45% and 29% relative ROS intensity or fluorescence, respectively. The wild type 
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Figure 4.2.2 Flowchart representing different developmental stages of an  
Arabidopsis flower variety Columbia and their respective durations. 
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ovules at stage 13 exhibited 47% relative ROS fluorescence as compared to the 30% 
shown by the rlk-10/rlk-10 ovules (Figure 4.3.2). At stage 15, the relative ROS intensity  
 
in the filiform apparatus increased both in the wild type and rlk-10/rlk-10 to 54% and 
38%, respectively. However, at stage 16 the relative ROS intensity depreciated to 23% in 
both the wild type and rlk-10/rlk-10. This data suggested that the ROS accumulation is 
related to the pollen tube reception such that the ROS production increases as the pollen 
tube approaches the ovule and tends to decrease after the pollen tube has fertilized the 
ovule. This relationship between RLK-10 and ROS indicated the presence of highly 
reactive ROS candidates like hydrogen peroxide (H2O2) or the free radicals like hydroxyl 
Figure 4.3.1 Ovules from different flower stages of wild type (WT) and rlk-10/rlk- 
10 pistils. Panel A and D show ROS fluorescence using green 
fluorescence at the filiform apparatus of synergids. Panels B and E are 
bright-field images to display the ovule structure. Panels C and F are the 
merged fluorescent and bright-field images of panels A, B and D, E 
respectively to show the position of ROS signal in the ovule, Scale 
bar=50µm (Q. Duan et al., manuscript in prep.). 
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Figure 4.3.2 Histogram representing relative ROS intensities exhibited via  
DCFH2-DA stain in the filiform apparatus of wild type (WT) and rlk-
10/rlk-10 ovules at stages 12, 13, 15 and 16. 
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radical (OH.) responsible for facilitating the fertilization events inside the ovule. The next 
set of experiments was conducted to confirm the presence of these candidates. 
 
 
 
 
 
 
 
 
 
 
4.4 H2O2/OH. radical cause the pollen tube bursting  
 The fertilization events in an Arabidopsis flower are marked by the penetrance of 
the pollen tube inside the synergid followed by bursting of pollen tube and release of 
sperm cells and finally fusion of one of the sperm cells with the egg cell. In plants, H2O2, 
unlike other ROS, acts both as an intercellular (Allan and Fluhr, 1997) and intracellular 
(Kovtun et al., 2000), relatively stable signaling molecule. The maximum ROS 
production in the wild type ovules at stage 15 i.e. the start of pollination and subsequent 
fertilization indicated potential production of H2O2 or OH., the putative downstream 
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effectors of ROS. We speculated that the phenomenon of production of these highly 
reactive and short-lived radical might correlate with the pollen tube bursting inside the 
ovule. In order to determine the relationship of pollen tube bursting inside the ovule and 
H2O2 or free radical production, wild type pollen tubes were allowed to grow in semi in-
vivo conditions inside the cut wild type pistils for 4 hours [Figure 4.4.1(a)] and were 
treated with varying concentrations of H2O2 ranging from 1µM, 10µM, 100µM and 
500µM to 1mM. In repeated experiments, increasing concentrations of H2O2 caused 
increase in pollen tube bursting reaching 80% at 1mM concentration (Figure 4.4.2). The 
pollen tube bursting was accompanied by growth arrest [Figure 4.4.1 (b) and (e)] in 
contrast to the control pollen tubes that showed negligible bursting and distinctly longer 
pollen tubes [Figure 4.4.1(c) and (d)]. In tobacco, the in-vitro grown pollen tubes showed 
32% pollen tube bursting upon treatment with 1mM H2O2 (Figure 4.4.3).  
To strengthen the authenticity of the results obtained, the Arabidopsis pollen tube 
semi in-vivo setup was similarly treated with varying concentrations of OH. radical 
generated via Fenton reaction (1x OH.  = 10µM H2O2, 10µM ascorbic acid, 10µM 
CuCl2). The trend obtained with increasing OH. treatment coincided with the one seen 
with the increasing concentration of H2O2 in terms of pollen tube bursting and growth 
(Figure 4.4.4). However, maximum pollen tube bursts/growth arrests were caused by OH. 
radical at a concentration of 500x, which is equivalent to a 5mM concentration of H2O2. 
As a positive control, treatment with the similar concentrations of H2O2 scavenger, 
ascorbic acid, at 1mM showed minimal pollen tube bursting and uninhibited pollen tube 
growth (Figure 4.4.2). These results clearly established direct relationship between the 
free radical production and the pollen tube bursting and pollen tube growth arrest during 
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fertilization confirming our speculation that H2O2/free radical act downstream of ROS 
and in turn, RLK-10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 d
e
Figure 4.4.1: Semi in-vivo pollen tube germination assay. a) Control after 4 hours;  
After 8 hours of semi in-vivo pollen tube growth and treated with b) 1mM 
H2O2 in pollen germinating medium (PGM) at lower magnification, Scale 
bar=1mm; c) PGM, control for 4 hours; d) control pollen tubes and e) 
H2O2/OH. treated pollen tube bursting at higher magnification, Scale 
bar=200µm. 
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Figure 4.4.2: Histogram representing the percentage of pollen tube bursting in a  
semi in-vivo pollen tube germination system upon 4-hour treatment with 
varying concentrations of hydrogen peroxide and ascorbic acid, scavenger 
of hydrogen peroxide. 
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Figure 4.4.3: Histogram representing the percentage of pollen tube bursting in  
an in-vitro pollen tube germination in tobacco upon 3-hour treatment 
with varying concentrations of hydrogen peroxide. 
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Figure 4.4.4: Histogram representing the percentage of pollen tube bursting  
in a semi in-vivo pollen tube germination system upon 4-hour treatment 
with varying concentrations of OH. radical. (OH. radical generated by 
Fenton reaction i.e. 1x OH.  = 10µM H2O2, 10µM ascorbic acid, 
10µMCuCl2). 
4.5 Pectin accumulates asymmetrically in the synergid cell area 
The supernumerary pollen tube entry phenotype of RLK-10 further led us to 
speculate the nature and role of synergids in the post-fertilization events. The pollen tube 
penetrates through the synergid cell wall, i.e. the filiform apparatus, gets burst, releasing 
sperm and fertilizing the egg and central cells. Since RLK-10 is synergid-expressed and 
the ROS production is localized in the synergid cell wall and H2O2 is known to be 
involved in peroxidative-cross-linking of cell wall polysaccharides and proteins 
(Kjellbom et al., 1997; Kerr & Fry, 2004), we speculated that thickening of synergid cell 
wall might play a role in restricting the multiple pollen tube penetrance in a fertilized 
ovule. We began to look for pectin as one of the potential secondary cell wall 
components in the ovule that might prevent the multiple pollen tube entry after 
fertilization. Using ruthenium red as the stain to detect de-esterified pectin in tissues, 
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pectin deposition was observed in the synergids of the wild type ovules at stage -13 and -
15 (Figure 4.5.1). The statistical analyses revealed more than 80% synergids of wild type 
ovules showing pectin accumulation at flower stage-13 and -15 (Figure 4.5.2) whereas 
only 20% rlk-10/rlk-10 ovules showed pectin deposition at the same stages (Figure 
4.5.2). At the unpollinated stage 12, both wild type and rlk-10/rlk-10 ovules showed 
minimal pectin deposition (Figure 4.5.2). The pectin accumulation also tended to 
decrease at the stage 16 in the wild type synergids (Figure 4.5.2). This trend of pectin 
localization correlated with the ROS signal localization at the similar flower stages 
discussed in Section 4.3.  
 
Figure 4.5.1: Ovules from wild type (wt) and rlk10/rlk10 (m) pistils showing  
presence (indicated by arrows) and absence of ruthenium red stain for 
pectin in the synergid cell area in different flower stages. 12, 13, 15 and 
16 represent the flower stages, Scale bar=50µm. 
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To account for the precise localization of pectin inside the ovule/synergid, paraffin 
sectioning of wild type and rlk-10/rlk-10 pistils at stage 15 (fertilized) were performed. 
The paraffin sections of pistils/ovules were stained with a lower percentage of ruthenium 
red and the pectin stain was detected distinctly inside the synergids (Figure 4.5.3). These 
results suggest that pectins may be involved in pollen tube-ovule interaction after 
fertilization in the RLK-10 downstream pathway.  
 
 
 
 
Figure 4.5.2: Histogram depicting percentage of ovules showing pectin deposition in the  
synergids from different flower stages of wild type and rlk-10/rlk-10 plants. 
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Figure 4.5.3: 8µm paraffin sections of stage 15 ovules. Wild type (WT) and 
rlk-10/rlk-10 pistils showing presence (indicated by arrows) and absence of 
ruthenium red stain for pectin localization in the synergids respectively, Scale 
bar=20µm. 
WT 
rlk10/rlk-10 
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4.6 Discussion 
FERONIA/SIERNE (RLK-10) is the only member in the family of 17 Feronia-like 
Receptor like Kinases that is well characterized and presents interesting details on both 
the reproductive and vegetative plant development. Our studies with RLK-10 have 
revealed highly fascinating facets in plant reproduction and male-female interaction in 
terms of pollen tube entry, pollen tube bursting and mechanisms to prevent polyspermy 
by precluding multiple pollen tube penetration of the female gametophyte after 
fertilization. The RLK-10 mediated pollen tube reception at the ovular end and its 
interaction with one of the GEFs inferring to their possible link in the Rac GTPase 
pathway raised several questions relating to the possible downstream effectors in the 
RLK-10/GEF1 signaling.  
RAC/ROP GTPases are also known to activate ROS production in plants 
(Kawasaki et al., 1999; Moeder et al., 2005). Recent study showed that angiosperm 
stigma accumulated high level of ROS/H2O2 thus leading to the speculation that they may 
be involved in pollen-stigma recognition/interaction-signaling network (McInnis, 2006). 
The respective high and low ROS accumulation in the synergids of wild type and rlk-
10/rlk-10 ovules at the stage 13 and 15 indicate increased pollen tube reception and 
pollen tube growth arrest during subsequent fertilization. The vital role of ROS 
downstream to RLK-10 is implicated by its synonymity in localization with RLK-10.   
The primary source of ROS signaling in mammals comes from the plasma 
membrane-localized NADPH oxidase that catalyses the extracellular formation of 
superoxide radical, O2- (Reeves et al., 2002). Plant NADPH oxidases (constituting the 
NOX family for NADPH oxidases), partially homologous to the catalytic subunit of the 
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mammalian phagocyte NOX (Keller et al., 1998; Torres et al., 1998) have the same O2- 
generating activity (Sagi and Fluhr, 2001) and this extracellular superoxide radical 
spontaneously gives rise to the other ROS like H2O2 and OH. radical in plants. In most 
cases, the enzymatic source of ROS/H2O2 that are involved in regulatory cell signaling 
networks, is one or more NADPH oxidase isoforms (Torres and Dangl, 2005), even 
though other enzymes, such as peroxidases, amine oxidases and xanthine oxidases, can 
also generate ROS/H2O2 (Neill et al., 2002). NADPH oxidase, however, is found to be the 
enzymatic source of ovule/synergid ROS since treatment of ovules with 500µM DPI 
(diphenylene iodinium), inhibitor of NADPH oxidase and other flavin-containing 
enzymes, prevented ROS accumulation in the synergids of ovules (Q. Duan, manuscript 
in prep). Exogenously supplied ROS like H2O2 and OH.  to wild type pollen tubes of 
Arabidopsis grown semi in-vivo proved to be highly significant in pollen tube bursting 
and pollen tube growth inhibition. This series of experiments in a semi in-vivo set up 
showed that wild type pollen tubes of Arabidopsis are responsive to the ROS/ H2O2 /OH. 
and thus suggest that similar to this, they may respond to the oxido-reductive 
environment inside the ovule at the synergid cell wall necessary for pollen tube bursting 
and release of sperm cells to facilitate fertilization.  
It is thought that the stigma peroxidases utilize H2O2 in peroxidation reactions 
such as the cross-linking of pectins and extensins in the cell wall (Barcelo, 1998) and thus 
are believed play role in pollen adhesion during pollination and pollen germination on the 
stigma (McInnis et al., 2006). On the same grounds, we hypothesized that the H2O2 levels 
produced during the pollen tube-ovule fertilization in wild type synergids might be 
utilized for thickening the cell walls of the synergids after fertilization is complete to 
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restrict the other incoming pollen tubes. The high percentage of wild type ovules at 
flower stages 13 and 15 that stained for the de-esterified pectin strengthened our rationale 
on aversion of the multiple pollen tube entry upon fertilization of an ovule. On a 
comparative note, the high percentage of rlk-10/rlk-10 ovules that did not show pectin 
deposition allowed more than one pollen tube to enter in their ovules. In addition to this, 
the localization of the pectin signal at the filiform apparatus of the synergids is congruous 
to the localization of ROS signal in the synergids. This led us to deduce that pectin is a 
significant part of the Rac GTPase signaling pathway and acts downstream of the RLK-
10/ROS components.  
 In a nutshell, the data obtained from the RLK-10 experimentations have a strong 
common link with respect to the ROS/pectin localization signal and the pollen tube-ovule 
interaction. The ROS/ H2O2 /OH. /pectin accumulation at the filiform apparatus of the 
synergids, the seat of RLK-10 expression, mediates pollen tube reception, pollen tube 
bursting, growth arrest and release of sperms for fusion with the embryo sac. 
Conclusively, these results establish an important signaling link between RLK-10 and 
ROS, pectin via a GEF-Rac/Rop regulated pathway in pollen tube-ovule interaction.  
Future studies will be required to decipher the ligand for the RLK-10 that would 
further broaden our knowledge on the functioning of this gene in the Rac/Rop GTPase 
signaling pathway.  
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APPENDIX A 
DISTINCT EXPRESSION PATTERNS OF TWO TYPE II ARACS IN 
ARABIDOPSIS 
A. 1: Introduction  
There are eleven Rac/Rop genes, Arac1-11 (Rop1-11) in Arabidopsis and they 
share more than 70% amino acid identity with each other. Members of the Rac family are 
found in all the plant species analyzed so far and in all cases comprise a multigenic 
family with high homology between the members. Apart from the eleven Racs in 
Arabidopsis, seven are found in rice, nine in maize, six in wheat and two in 
Physcomitrella patens (Christensen et al., 2003).  
Initial analysis of the Rac family identified two groups within the gene family 
based on the C-terminal hypervariable region. Type I Racs typically have a CaaL (where 
a is any aliphatic amino acid) C-terminal motif that indicates that the protein is 
geranylgeranylated. In type II Racs, the insertion of an extra intron disrupted the CaaL 
motif but these proteins possess another cysteine-containing motif that allows for a 
different C-terminal lipid modification (Lavy et al., 2002; Winge et al., 2000; 
Ivanchenko, 2000).  
Interestingly, type II Racs are only found in vascular plants suggesting that the 
insertion of the intron in the last exon of the ancestral gene occurred after the appearance 
of vascular plants (Winge et al., 2000).  
The basic classification into type I and type II Racs was later refined by the 
inclusion of a greater number of sequences and by more powerful methods for 
phylogenetic analysis (Zheng and Yang, 2000; Christensen et al., 2003). In the more 
recent classification, type I Racs are further divided into two groups (3 and 4) while type 
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II Racs are distributed between groups 1 and 2 (Christensen et al., 2003). Interestingly, 
the predominance of the groups is different among monocots and dicots. Monocots seem 
to have expanded groups 1 and 2 more extensively than groups 3 and 4 while the opposite 
is true for dicots (Christensen et al., 2003). It would be quite interesting to determine if 
this observation stands for some functional significance as well.  
The underlying idea behind all the classifications is that each phylogenetic group 
represents functional distinction and thus plants would have expanded each one of the 
groups according to their needs. This idea is supported by the observation that the groups 
can also be distinguished based on the analysis of consensus amino acid sequences at the 
N-terminus. This information can be functionally relevant since some of the consensus 
sequences are located in regions involved in effector binding (Christensen et al., 2003). 
Assigning specific functions to the members of each group will be very important in 
determining if phylogeny is translated into functional specificity. 
The high sequence homology among the Arac family members has led to the 
suggestion that these proteins might be functionally redundant. Arac7/Rop9 and 
Arac10/Rop11 are closely related and belong to the type II Aracs. Within the type II 
Aracs, Arac7 is classified under group 1 while Arac10 falls under the group 2 Aracs. 
Using the transgenic expression of Arac7 promoter fused with GUS, expression of Arac7 
was observed in the early stages of lateral root formation and in the root tips (C. Nibau et 
al., manuscript under prep.). On the other hand, Arac 10 has a broad vegetative 
expression pattern. In particular contrast with Arac7’s promoter activity, Arac10 
promoter drives high expression in the guard cells where Arac7 is inactive. Furthermore, 
the activity of the Arac7 promoter is stimulated by auxin and repressed by abscisic acid 
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(ABA), hinting at a role for Arac7 in these two hormone-signaling pathways (C. Nibau et 
al., manuscript under prep.). These set of data suggest that Arac7 has a pattern of 
expression clearly distinct from that of Arac10. The current study entails the examination 
of Arac7 and Arac10 gene expression in the reproductive plant parts of Arabidopsis. 
A.2: Arac7 and Arac10 are differentially expressed in the reproductive organs  
 
Using the transgenic expression of Arac7 promoter fused with GUS, the flower 
and embryo stages were analyzed with the GUS staining. The GUS histochemical 
staining revealed localization of Arac7 gene expression in early embryonic stages 
through the late embryo and cotyledon development [Figure A.2.1 (a)-(f)]. Arac10p-GUS 
expression pattern during the embryonic stages was however restricted only to the 
hypocotyl region of the cotyledon stage [Figure A.2.2 (a)-(g)].  
However, flower parts/tissues of the transgenic Arac7p-GUS plants did not stain 
for GUS [Figure A.2.3 (a) and (c)]. In contrast, transgenic Arac10p-GUS plants showed 
strong Arac10 gene expression in pollen and stigma in their flowers (Figure A.2.1 (b) and 
(d)].  
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Figure A.2.1: GUS staining of Arac7p-GUS embryos at different developmental  
stages. (a) Globular, (b) Transition, (c) Heart, (d) Linear, (e) Early 
curled, and (f) Mature. 
Figure A.2.2: GUS staining of Arac10p-GUS embryos at different  
developmental stages. (a) Globular, (b) Transition, (c) Heart, (d) 
Linear, (e) Early curled, (f) Curled, and (g) Mature. 
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a b
c d
Figure A.2.3: GUS staining of Arac7p-GUS and Arac10p-GUS. (a), (b)  
Flowers and (c), (d) Magnified view of anthers bearing pollen, 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
A.3: Discussion 
The high degree of homology between the Aracs led to early speculations that 
they might have redundant functions in plant signaling pathways. Studies on the 
expression pattern of the various Aracs as well as functional studies are providing 
evidence that there is, at least to some degree, spatial, temporal and functional specificity 
within the Arac family. The GUS staining expression for Arac7 and Arac10 has indicated 
differential gene expression patterns despite their very high sequence homology. This 
distinct expression pattern suggests distinct functional roles for both the genes. Further, it 
would be interesting to examine the role of Arac7 in embryo and early seedling 
development and Arac10 in pollen-pistil interacting pathways.  
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APPENDIX B 
 
 
 
DOUBLE MUTANT CROSS STATUS FOR RECEPTOR-LIKE KINASES  
 
 
 
 
Cross Female Parent Male Parent F1 Progeny F2 Progeny 
rlk-12 X rlk-13 rlk-12 (T-319) rlk-13 (T-420) Double 
heterozygosity  
confirmed for 
lines# 2 and 3. 
Seeds collected. 
Needs 
confirmation. 
  rlk-13 (T-422) Double 
heterozygosity 
confirmed for 
lines# 6, 7, 8, 9 
and 10. 
Seeds collected. 
Needs 
confirmation. 
     
rlk-7 X rlk-10 rlk-7 (T-226) rlk10-2 (T-221) Double 
heterozygosity 
confirmed 
Lines # 8 and 17 
Double Mutants 
Confirmed.  
  rlk10-1 (T-415)  Lines# 12 and 15 
homozygous for 
rlk-7, 
heterozygous for 
rlk-10. 
F3 seeds collected. 
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